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We report on recent experiments for studying the collisions of two identical plasma jets generated by high-power lasers. The observations have, for the first time, shown key aspects of jet collisions at various angles. In particular, it was seen that plasma flowing into the collision from the two jets forms a stagnation surface along which incoming electrons flow away from the collision. This surface is a plane that bisects the angle formed by the two jets (the ''bisector plane''). This and other observations are combined with numerical simulations and analytic models, reinforcing our insight into the interactions of colliding plasma jets.
The collision of high-Mach-number plasma jets in the laboratory is attracting increasing attention since such interactions can be used as a test bed for studying many astrophysical phenomena and basic physics problems in self-organization [1] [2] [3] [4] . Exploring the spatial structure and temporal evolution of these colliding jets, as well as their relationship with self-generated electromagnetic fields [5] [6] [7] [8] , is of essential importance for understanding the underlying physics of plasma jet interactions [9, 10] .
Although they have very different spatial, temporal, temperature and density scales, laboratory-generated plasma jets and astrophysical jets share a large variety of hydrodynamic similarities [11] [12] [13] [14] [15] [16] [17] [18] . As indicated by numerous dimensionless parameters, these similarities suggest common physical processes that govern jet dynamics and allow us to scale laboratory jets to astrophysical conditions under some circumstances [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] . For example, recent experiments [2, 3, 19] and numerical simulations [20] indicate that the collisions of two counterstreaming plasma flows with sufficiently large spatial overlap lead to collisionless shocks mediated by the development of plasma microturbulence [21, 22] . Such shocks can be scaled to mimic and explain many astrophysical phenomena [2] [3] [4] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] . To simulate aspects of accretion disks and outflows in astrophysics, an array of properly directed plasma jets has been proposed [23, 24] to drive and form a differentially rotating, quasiplanar disc in which an azimuthal magnetic field, seeded with a cusp magnetic configuration, will be enhanced. The interactions among these jets in such a specially configured plasma will play a critical role in reproducing this particular astrophysical phenomenon [23, 24] . In inertial confinement fusion (ICF) [25] , the relevance of plasma jet interactions is evident in the plasma stagnation on a hohlraum axis, which is critical to hohlraum x-ray drive symmetry and ICF capsule implosions [25, 26] .
Laser-produced colliding jets can be supersonic [11] [12] [13] 27, 28] , with sufficiently high kinetic energies that collisions of ions in one jet with ions in another jet are negligible. In this case, the ion streams interpenetrate each other freely [1, 29] . The electrons, whose thermal velocity is much higher than the flow velocity, form a background common to both streams. Since the electrons have a temperature that is lower than the ion directed energy by a factor $50-100, they are highly collisional. The average velocity of the electrons is established to provide quasineutrality. After two equal-strength jets collide, their electrons all turn and flow away along the bisector plane. This picture cannot be adequately described by standard hydrodynamics.
The experiments, illustrated schematically in Fig. 1 , were performed at the OMEGA Laser Facility [30] . V-shaped targets [31, 32] were constructed with two 50-m-thick, 3 mm Â 3 mm plastic (CH) foils which have a full opening angle of 60 . Each foil was driven by two laser beams (0:351 m in wavelength) at an angle $28 to the foil normal, toward the axis of the four-foil two-beam setup. Each beam had total energy $500 J during a 1-ns square pulse, with full spatial and temporal smoothing [33] . A plasma plume was generated on each foil by laser ablation. When the plumes from the two adjacent foils collided they generated a plasma jet. The jet tip moving velocity is estimated using time-of-flight measurements to be V j $ 1700 km s À1 , indicating jet propagation is supersonic with internal Mach number M $ 10 or greater. Two such jets, from identical targets (distance between each target tip and the central collision region is 0.5 cm), collided with each other when they met at the bisector plane. Radiographs of jet collisions at angles of 180 , 135 , and 90 , made with 15-MeV protons [34] [35] [36] , are shown in Figs. 
1(a)-1(c).
A common and striking feature in these images is the ''flattened'' (quasiplanar) region along the bisector planes, with low proton fluence inside, but surplus protons on the edges. Plasma expansion perpendicular to the bisector plane is minimized because the plasma there reaches a balance between the continuous arrival of new jet material and the outflow of plasma along the bisector plane. Such a fluence structure cannot be caused by plasma scattering because the Coulomb scattering of these backlighting protons is negligible, as shown by the proton energy image in Fig. 1 [37] . The apparently flattened, low-proton-fluence region thus formed in the fluence images must be a consequence of proton deflection by fields on each side of the bisector plane with opposite directions. We note that the radiography method fortuitously gives strong contrast between the image feature associated with the bisector plane and the more subtle image features associated with the jets themselves in the regions between their sources and the bisector plane [38] .
For uniquely determining the types of fields, Fig. 2 gives lineouts crossing the flattened regions in the center of the images for two proton energies. The small-angle deflection of backlighter protons by fields in the plasma, which is what forms structures in the images, is measured as the proton displacement in the detector plane () divided by the distance from plasma to detector (A-a). Because of the Lorentz force [F ¼ eðE þ v Â BÞ], deflection by electric fields is proportional to the inverse of the proton energy " PRL
proton deflections is magnetic fields rather than electric fields (15=3:3 MeV $ 4:6). These fields must have dominant azimuthal components (around the jet axis) and their strength is estimated by
where a ¼ 1 cm and A ¼ 28 cm; m p is proton mass and V p is proton velocity; q is the proton electric charge, and d' is the differential pathlength along the proton trajectory. From Fig. 2 , we obtain j R B Â d'j $ 15 T cm. Taking the scale size as the diameter of the flattened disk (from a 3D configuration) ! 0:5 cm (slightly larger than the field of view of our detector), results in a magnetic field roughly of an order $30 T. Note that the magnetic deflection of the carbon and hydrogen ions of the streams has an opposite sign on the two sides of the bisector plane. For fields weaker than $30 T a mutual neutralization of the deflections may occur, restoring a simple conical ion flow in each of the jets.
The head-on collisions were simulated with the twodimensional (2D) hydrodynamic code [39, 40] . Figure 3 displays postprocessed snapshots showing the spatial structure and temporal evolution of two counterstreaming plasma jets colliding with each other. The numerical simulation and Thomson scattering measurements [41] indicate that the electron flow stagnates in the axis and subsequently spreads sideways, forming a flattened region (a disk in 3D view) with typical n e $ 10 19 -10 20 cm
À3
and T e $ 500-1000 eV.
To place the discussions in the broader context of basic plasma physics, Table I gives physical parameters for the head-on collisions. The long jet-jet ion mean-free path indicates that the interjet ion-ion collisions are essentially collisionless. The general picture of the magnetic field being frozen into the electron fluid and advected along its streamlines is only to be expected if the magnetic Reynolds number is high, and the estimated magnetic Reynolds number of Table I is gratifyingly large. Note that the carbon gyroradius is comparable to or even smaller than the size of the observed structures, indicating that the regular azimuthal field may cause the ions to be deflected from their initial straight trajectories, create radial ion flow in both jets, significantly affecting the ion dynamics near the bisector plane. This happens despite the fact that the magnetic pressure p M of the 30 T field, as estimated from the measurements, is orders of magnitude smaller than the ram pressure v 2 of either of the jets:
À3 . The presence of the two counterpropagating streams makes this effect possible.
The generation and advection of spontaneous magnetic fields are described by the Faraday equation combined with a simplified version of the generalized Ohm's law: @B=@t ¼ r Â ðu Â BÞ þ S [9] whose azimuthal component B ' is given in the cylindrical coordinate as
where u r (u z ) is the radial (axial) component of the velocity of electron flow [1] , and S ' is the source term for the field generation, which is dominated by the so-called Biermann battery effect (rn e Â rT e ). The frozen-in condition for the azimuthal field in axisymmetric effective flow is [1] B ' =n e r ¼ const:
This suggests that there exists a zone near the bisector plane from which the plasma electron flow becomes almost   FIG. 3 (color online). 2D DRACO hydrodynamic simulations of the two head-on plasma jets which displays the jets' formation at t % 1:4 ns; propagation at t % 2:2 ns (a clear bow shock structure is seen in front of the jets); the onset of plasma flow in the transverse direction, and the formation of a high-pressure region in the bisector plane, at t % 2:6 ns; and the transverse expansion of the high-pressure region in the bisector plane t % 4:1 ns. In this simulation, a low density ($ 2 Â 10 À6 g cm À3 ) deuterium gas has been added to the background. The simulation of plasma flow (4.1 ns) appears to be quite consistent with the shape of the proton deflection images shown in Figs. 1 and 2 . 
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week ending 6 DECEMBER 2013 radial, and the increasing plasma density due to contributions from the other jet would lead to the increase of magnetic fields as this flow spreads sideways, which is consistent with the observations (Fig. 1) .
The streamlines of electron flow are modeled with a modification of an analytical description of head-on collisions [1] , where the flow follows a solution of the differential equation
in cylindrical coordinates, and the velocities u r and u z are given by Eqs. (21) and (22) of Ref. [1] , respectively. Near each target, the flow is diverging and the frozen-in Biermann battery field decreases along the streamlines. Shown in Fig. 4(c) , the ''conical'' streamlines approach from both sides, stagnate, and subsequently spread sideways, indicating the electron flow stagnates near the bisector plane, and the magnetic field is recompressed to a quasiplanar structure [1, 42] . The bisector plane acts as an impermeable boundary for electron fluid, and the recompressed field has an opposite handedness in the opposite flows. By virtue of the frozen-in condition, the streamlines deviate toward much larger radii subsequent to the stagnation, leading to enhanced magnetic fields due to increasing products of density and radius [Eq. (3)]. These processes produce a flattened structure along the bisector plane and mimic the observed Fig. 4 (a) and simulated Fig. 4 (b) structure.
To model the noncollinear collisions at an arbitrary angle, which are more generally relevant to those occurring in nature than collisions of perfectly collinear jets, a Cartesian coordinate system is more convenient because the azimuthal symmetry is broken [ Fig. 5(a) ]. Normalizing the distances to the parameter L (half distance between the targets), an equation for the streamlines can be written as
where f is the ratio of the flow strengths of the two jets and 1 and 2 are the angular half-widths of the flows within the two jets. For 90 collisions where f ¼ 1, ¼ 45 , and taking 1 ¼ 2 % 0:2 radian (due to the jets being more collimated in these experiments), one obtains the streamline distribution shown in Fig. 5(b) . The experimental proton image is well simulated, with a narrow structure pointing in one direction and a much thicker one pointing in the opposite direction in the bisector plane. This asymmetry is a consequence of collisions of tilted jets, which result in formation of stronger field compression (denser streamlines) in the forward direction and weaker in the backward direction. Although collisionality may increase somewhat due to a lower energy in the center-of-mass frame, the jets remain essentially collisionless. Figure 5(c) shows experimental images and analytic streamlines for pairs of equal plasma jets colliding at 135 ( ¼ 22:5 ). In summary, by combining proton images with numerical simulations and analytic modeling we have systematically studied the structure and dynamics of collisions of two laser-generated, high-Mach-number plasma jets at different angles. The result is novel physical insight into the interactions of two colliding plasma jets.
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